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Micromeres and their immediate descendants have three known developmental functions in regularly developing sea
urchins: immediately after their initial segregation, they are the source of an unidentified signal to the adjacent veg2 cells
that is required for normal endomesodermal specification; a few cleavages later, they express Delta, a Notch ligand which
triggers the conditional specification of the central mesodermal domain of the vegetal plate; and they exclusively give rise
to the skeletogenic mesenchyme of the postgastrular embryo. We demonstrate the key components of the zygotic regulatory
gene network that accounts for micromere specificity. This network is a subelement of the overall endomesoderm
specification network of the Strongylocentrotus purpuratus embryo. A central role is played by a newly discovered gene
encoding a paired class homeodomain transcription factor which in micromeres acts as a repressor of a repressor: the gene
is named pmar1 (paired-class micromere anti-repressor). pmar1 is expressed only during cleavage and early blastula stages,
and exclusively in micromeres. It is initially activated as soon as the micromeres are formed, in response to Otx and
-Catenin/Tcf inputs. The repressive nature of the interactions mediated by the pmar1 gene product was shown by the
identical effect of introducing mRNA encoding the Pmar1 factor, and mRNA encoding an Engrailed-Pmar1 (En-Pmar1)
repressor domain fusion. In both cases, the effects are derepression: of the delta gene; and of skeletogenic genes, including
several transcription factors normally expressed only in micromere descendants, and also a set of downstream skeletogenic
differentiation genes. The spatial phenotype of embryos bearing exogenous mRNA encoding Pmar1 factor or En-Pmar1 is
expansion of the domains of expression of the downstream genes over most or all of the embryo. This results in
transformation of much of the embryo into skeletogenic mesenchyme cells that express skeletogenic markers. The normal
role of pmarl is to prevent, exclusively in the micromeres, the expression of a repressor that is otherwise operative
throughout the embryo. This function accounts for the localization of delta transcription in micromeres, and thereby for the
conditional specification of the vegetal plate mesoderm. It also explains why skeletogenic differentiation gene batteries
normally function only in micromere descendants. More generally, the regulatory network subelement emerging from this
work shows how the specificity of micromere function depends on continuing global regulatory interactions, as well as on
early localized inputs. © 2002 Elsevier Science (USA)
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The endomesoderm of the sea urchin embryo consists of
the tripartite gut, i.e., foregut, stomach, hindgut, and
blastopore/anus, plus five mesodermal cell types. These are
the mesenchymal blastocoelar cells; the pigment cells, also
initially mesenchymal, which ultimately embed them-
selves in the ectoderm; some muscle cells that differentiate
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All rights reserved.from mesenchymal precursors and then envelop the fore-
gut; the skeletogenic mesenchyme; and the cells of the
coelomic pouch. The last, which consist of mesodermal
set-aside cells utilized only in postembryonic development,
arise as bilateral outpocketings of the foregut, while all of
the mesodermal cell types that are used in the construction
of the embryo itself delaminate singly from the vegetal
plate and archenteron tip, as mesenchymal cells. In regu-
larly developing euechinoid sea urchins, such as Strongylo-
centrotus purpuratus, the skeletogenic mesenchyme arises
as a distinct, early lineage different from those giving rise to
all the other mesodermal cell types, but this is not true of
the cidaroid sea urchins, which belong to an evolutionary209
sister group of the euechinoids (Wray and McClay, 1989). In
euechinoids, the skeletogenic mesenchyme descends exclu-
sively from the four micromeres that are segregated by the
unequal fourth cleavage of the vegetal quartet of blas-
tomeres. At the following (fifth) cleavage, the micromeres
produce four “large micromeres” and four “small micro-
meres.” The large micromeres are the exclusive founder
cells of the skeletogenic mesenchyme lineage, to which
every one of their progeny contributes. The small micro-
meres, which divide only once more prior to gastrulation,
contribute to the coelomic pouches (Endo, 1966; Ho¨rsta-
dius, 1973; Cameron et al., 1987, 1991). Much evidence
obtained by transplanting fourth cleavage micromeres to
other positions in the embryo, and by culturing them in
vitro, demonstrates that once formed, micromeres produce
progeny that are capable of entirely autonomous skeleto-
genic differentiation (reviewed by Davidson et al., 1998;
Davidson, 1986, 2001). The micromeres thus provide the
embryo with one of its essential mesodermal components,
the skeletogenic mesenchyme, and indirectly, the larval
skeleton. But it has become clear that the micromere
lineage also has very important developmental functions as
well, that are unrelated to skeletogenesis. This was sug-
gested early on by micromere transplantation experiments
carried out by Ho¨rstadius (reviewed by Ho¨rstadius, 1939;
Davidson, 1989). Over the last decade, it has been shown
that the micromere lineage is the source of intercellular
signals which are essential for the cleavage-stage specifica-
tion of the embryonic endomesoderm.
The initial signaling event begins immediately upon
micromere formation at fourth cleavage, and apparently
continues for 2 h or less. By sixth cleavage, the requirement
for the signal is over (Ransick and Davidson, 1995). This
interaction is necessary for the normal specification of the
surrounding veg2 cells. The veg2 lineage normally produces
most of the gut endoderm and all of the mesenchymal cell
types other than the skeletogenic mesenchyme. A useful
molecular marker of veg2 endomesodermal specification is
expression of the endo16 gene (Nocente-McGrath et al.,
1989; Ransick et al., 1993), and using this marker Ransick
and Davidson (1993) showed that transplantation of micro-
meres to the animal pole induces the adjacent prospective
ectoderm to assume veg2 fate. Indeed, an ectopic gut grows
into the blastocoel from the site of transplantation (Ho¨r-
stadius, 1939; Ransick and Davidson, 1993). Furthermore, if
micromeres are removed at fourth or fifth cleavage, normal
levels of endo16 expression have failed to develop even 16 h
later, when the controls are at the mesenchyme blastula
stage (Ransick and Davidson, 1995). But, unfortunately, the
identity of the signal expressed by the fourth to fifth
cleavage micromeres has so far not been discovered (see
review of Davidson et al., 1998).
A second signaling function executed by the micromere
lineage is better known. This takes place at eighth to ninth
cleavage, and like the first, consists of a short-range inter-
cellular interaction between the skeletogenic micromeres
(i.e., the descendants of the large, 5th cleavage micromeres)
and the inner ring of veg2 cells to which they are apposed.
The 8–16 large micromere descendants at this period ex-
press the ligand Delta, which activates a Notch (N) receptor
in the adjacent veg2 cells, and this signaling event is
required for specification of these cells as mesodermal
precursors (Sherwood and McClay, 1997, 1999, 2001; Mc-
Clay et al., 2000; Sweet et al., 1999; reviewed by Davidson,
2001). In normal development, the nonskeletogenic meso-
dermal cell types of the embryo all arise from the inner ring
of veg2 cells (Ruffins and Ettensohn, 1996), i.e., the descen-
dants of those cells exposed to the Delta signal from the
micromeres. The key evidence is that introduction of
mRNA encoding a dominant negative form of the N recep-
tor specifically blocks veg2 mesoderm induction (Sherwood
and McClay, 1999); and furthermore, that the delta gene is
expressed at the right time in midcleavage, and exclusively
in the micromere progeny (Sweet et al., 2002; and this
paper).
We have had only shadowy clues as to the underlying
molecular mechanisms of micromere specification, al-
though a fair amount has been learned of regulatory and
differentiation events downstream. The list of downstream
differentiation genes expressed during skeletogenesis is
growing rapidly (Guss and Ettensohn, 1997; Davidson et al.,
1998; Lee et al., 1999; Wilt, 1999; Zhu et al., 2001; Urry et
al., 2000; unpublished data, this laboratory). Some of these
genes, such as sm50, indeed begin to be expressed during
cleavage, not many hours after the definitive fifth cleavage
segregation of the skeletogenic lineage (Killian and Wilt,
1989), so specification must have already been completed
by midcleavage. Recently, several genes encoding transcrip-
tion factors expressed specifically in skeletogenic mesen-
chyme have been found, and interference with their expres-
sion has been demonstrated to block some aspect of
skeletogenesis. Among these are deadringer (G. Amore and
E.H.D., unpublished data) and a gene encoding an Ets class
transcription factor (Kurokawa et al., 2000). But these genes
are not expressed specifically in the micromere lineage as
early as micromere specification occurs, and their expres-
sion is to be considered a marker of, not an explanation of,
the initial specification process.
In their regulatory constituents, the micromeres are dis-
tinct from all other blastomeres from the moment of their
formation. Many years ago, Rodgers and Gross (1978) and
Ernst et al. (1980) showed that there is a class of mRNAs
present elsewhere in the embryo and excluded from micro-
meres, and recent studies have demonstrated transcription
factors that are localized away from the vegetal pole and the
micromeres (Angerer and Angerer, 2000). An example is the
SoxB1 factor, which in S. purpuratus is present in all fifth
cleavage embryo nuclei except the micromere nuclei
(Kenny et al., 1999). Conversely, Chuang et al. (1996) found
that maternal Otx transcription factor is translocated into
micromere nuclei right after fourth cleavage, before its
entry into any other nuclei. The wnt8 gene is transcribed
from the beginning in micromere nuclei, and at first only
there (A. Wikramanayake, unpublished data reproduced in
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Davidson, 2001, p. 73); and -catenin is nuclearized in
micromere nuclei soon after their formation, even before it
appears in the nuclei of veg2 cells. -Catenin remains
detectable in the nuclei of the micromere lineage for some
hours, and then disappears (Logan et al., 1999). A gene
encoding a T-box transcription factor of the T-brain class is
also expressed exclusively in micromere nuclei, beginning
soon after this segregation (Croce et al., 2001; K. Akasaka,
personal communication; and this paper). Here, we show
how many of these independently observed events fit to-
gether in a regulatory gene network that controls micro-
mere specification. The linchpin of the assembly is a newly
discovered gene, pmar1, which in an entirely unexpected
way, turns out to control the zygotic regulatory state that
defines the micromere lineage. pmar1 activity underlies all
three of the developmental functions that the micromeres
and their progeny execute, and is thereby among the most
important of the zygotic regulators of endomesoderm speci-
fication.
MATERIALS AND METHODS
Isolation of pmar1 cDNA Clones
pmar1 was isolated in the course of a search for transcripts
encoding the class of homeodomain proteins represented by Plh-
box12 (Di Bernardo et al., 1995). A Plhbox12 cDNA (the kind gift
of Giovanni Spinelli) was the source of a probe used to isolate a S.
purpuratus  genomic recombinant that included the pmar1 gene.
As shown below, in the homeobox region, this gene is 80%
identical to Plhbox12. A 606-bp DraI–XbaI fragment encoding
helix IV of the homeodomain and the whole C-terminal portion of
the protein was subcloned in Bluescript. To isolate pmar1 cDNA
clones, the insert sequence was amplified from the subclone by
PCR and labeled. A cDNA library was constructed in Zap Express
vector (Stratagene) from 9.5-h embryo p(A)RNA, and 106 clones
were screened with the insert probe. After purification, the positive
clones were excised from the phage in accord with the manufac-
turer’s procedure, and plasmid DNA was isolated by using a Qiagen
Robot 9600. T7 and T3 specific primers were used for sequencing
reactions with ABI Prism Big Dye Terminator Cycle Sequencing
Ready Reaction Kit. Sequences were obtained on an ABI 377
sequencer. The multiple alignments of the protein sequence were
obtained with ClustalX (Thompson et al., 1997).
RNA Titration
Probe excess RNA titration was performed as described by Lee
and Costlow (1987) with the modifications of Arenas-Mena et al.
(1998). The probe used was transcribed from the subclone described
above, i.e., that containing the 606-bp DraI–XbaI genomic fragment
corresponding to the last 89 bp of the intron and the second exon up
to the stop codon (see Fig. 1 for position of intron). Only 517 bp
were protected by the RNase treatment. The amount of 32P-probe
used in each hybridization reaction was 60 pg. Total RNA from
different developmental stages was treated with DNase I in order to
remove any DNA contamination present, and was added to differ-
ent reactions in increasing amounts to a maximum of 60 g.
Absolute quantities of pmar1 transcript per embryo were calcu-
lated from the known specific activity of the probe and the slope of
the line relating the amount of RNA hybridized in each sample to
the input RNA quantities (Lee and Costlow, 1987).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was performed as described
by Ransick and Davidson (1995), with the following modifications.
In vitro RNA probes were synthesized from 0.5–1 g of linearized
plasmid DNA (Qiagen mini- and maxi-preparations) using 10
DIG RNA labeling mix (Roche) and the appropriate RNA polymer-
ase (T7, T3, or Sp6; from Roche). Prehybridization, hybridization,
and posthybridization washes were all carried out at 65°C. The
posthybridization washes were performed in 1 SSC, 0.1% Tween
20, and then in 0.1 SSC, 0.1% Tween 20. For early embryonic
stages, improvement of the specific signal over background was
obtained by a prehybridization treatment with 6% H2O2 for 1 h. For
the alkaline phosphatase reactions, we used NBT/BCIP ready-to-
use tablets (Roche) in 10% DMF.
Engrailed Domain Fusion and GFP Constructs
The Engrailed-Pmar1 fusion constructs (en-pmar1-hd and en-
pmar1-tot) used in this study (see Fig. 4) were subcloned in a vector
derived from BlueScript (Stratagene, La Jolla, CA), which contained
the 5UTR and the 3UTR of the globin gene (Lemaire et al., 1995).
The inserts carried in en-pmar1-hd and en-pmar1-tot were ob-
tained by PCR using pmar1 cDNA as template. en-pmar1-hd
contained only the pmar1 homeodomain, and en-pmar1-tot contained
the entire coding region. For en-pmar1-hd, the primer sequences were
5-CCCCAGATCTGATTACACCATGATCACC-3 (HDF2); and 5-
CCCCGCGGCCGCTTAAGAGCTTGAAACAAGAGAG-3 (HDR2).
For en-pmar1-tot, the primers were HDF2 and 5-CCCCGC-
GGCCGCAAGGCAAGATTAGCATATAA-3 (HBTR2). The frag-
ments amplified were 276 bp long for en-pmar1-hd and 776 bp long
for en-pmar1-tot. They were digested with BglII and NotI to
uncover the primer anchor sequence, and subcloned downstream of
an 888-bp sequence that encodes the Engrailed repressor domain (Li
et al., 1999). A synthetic stop codon was inserted downstream of
the homeodomain coding sequence in en-pmar1-hd. To construct
the 5pmar1-gfp, the 5UTR and the first 24 bp downstream of the
ATG codon were amplified by PCR using the primers 5-C-
CCCGTACCGGCACGAGGAATCA (cDNA13AF) and 5-CC-
CCGACGTCGGTGATCATGGTGTAATCTG-3 (cDNA13AR).
The GFP coding sequence was that used by Arnone et al. (1997),
and was subcloned in frame downstream of the 125-bp fragment of
pmar1. The reading frame in each construct was checked by
sequencing.
RNA Injection
The in vitro mRNAs for injection were transcribed from 1 g of
linearized plasmid by using the mMessage-mMachine Kit (Am-
bion) as described in the manufacturer’s manual. After purification
of the mRNA on a Sephadex G-50 column (Roche) to remove the
unincorporated nucleotides and m7G(5)ppp(5)G cap analogue, the
RNA was quantified by spectrophotometry and checked by gel
electrophoresis. RNA injections were performed as described in
Mao et al. (1996). The injection solutions were concentrated as
follows: pmar1 mRNA and 5pmar-gfp, 11 ng/l, en-pmar-hd and
en-pmar-tot, 100 ng/l.
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FIG. 1. pmar1 nucleotide sequence, predicted amino acid sequence, and relevant comparisons to other homeodomain sequences. (A) The
cDNA sequence spans 941 bp, including 22 adenyl residues at the 3 end. The polyadenylation site is highlighted in yellow. The ATG
assigned as the start codon is the first in frame with the sequence encoding the homeodomain that is not followed by stop codons. The
homeodomain sequence is highlighted in green. Two almost perfectly repeated peptides 11 amino acids long (RP1 and RP2) are underlined
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RNA Extraction, cDNA Synthesis
Total RNA was isolated from cultures of various embryo stages
or from batches of embryos (100–500 embryos) injected with
different mRNAs. The RNA was extracted with RNAzol (Leedo
Medical Laboratories, Houston, TX). The samples were treated
with DNase to remove DNA contamination using DNA-free
(Ambion) as described by the manufacturer. First-strand cDNA was
synthesized starting from random hexamers, using the Taq Man kit
(PE Biosystems) according to manufacturer’s instructions. The
cDNA obtained was directly used for further studies.
Quantitative PCR (QPCR)
QPCR was conducted as described by Rast et al. (2000), using an
ABI 5700 sequence detection system and SYBR green chemistry (PE
Biosystems). For all QPCR experiments, the data from each cDNA
sample were normalized against the ubiquitin mRNA and/or 18S
ribosomal RNA levels, which are known to remain relatively
constant during development (Nemer et al., 1991; Ransick et al.,
2002). For absolute quantification of the number of transcripts,
SpZ12-1 was used as an internal standard for each cDNA prepara-
tion. The number of SpZ12-1 transcripts in embryos of the relevant
stages had been measured earlier by RNA titration (Wang et al.,
1995).
RESULTS
Isolation of pmar1
Sppmar1 is a member of the paired class of homeodomain
regulators, which as we show below, acts in micromeres
mainly as a localized repressor of another more general
transcriptional repressor(s): hence its name, for paired-class
micromere anti-repressor. The gene was isolated initially
from an S. purpuratus -genome library using as a probe a
cDNA that encoded PlHbox12, a different paired class
homeodomain protein recovered earlier from another sea
urchin species (Di Bernardo et al., 1995; see Materials and
Methods). The complete sequence of pmar1 mRNA is
shown in Fig. 1A. The sequence is that of the longest of a set
of four clones found in a 9.5-h (7th–8th cleavage) S. purpu-
ratus cDNA library that had been screened with a coding
region probe from the S. purpuratus gene. These clones fell
into two classes with respect to several sequence polymor-
phisms, probably representing the two alleles present in
the single batch of embryos from which the library had
been made (not shown). The mRNA is 941 nucleotides
long, consistent with the mobility of the unique transcript
identified in an RNA gel blot using the same probe (not
shown).
The homeodomain of the protein encoded by the pmar1
mRNA sequence is located near the N-terminal end, just 19
amino acids after the methionine start. The homeodomain
is of the Q50 class, and the multiple alignment shown in
Fig. 1B clearly places the Pmar1 sequence with other paired
homeodomain factors. Though the Pmar1 sequence lacks a
“paired” domain, its homeodomain contains all the diag-
nostic residues of paired-class homeodomains (Galliot et
al., 1999). It is not possible to further resolve its relation-
ships with respect to other paired-class homeodomains.
Phylogenetic analyses of either the homeodomain alone or
the whole protein failed to show any convincing relation-
ships (not shown). Nor does the position of the intron in the
pmar1 gene, as determined by comparison of the mRNA
and genomic sequences, assist in solving the phylogeny of
this gene, since paired domain genes of different groups all
share this same intron position (Duboule, 1994). The pro-
tein sequence most closely related to that of SpPmar1 is the
PlHbox12 sequence (Fig. 1B). But there is only 80% se-
quence identity between these two proteins, within as well
as outside of the homeodomain, and so it is clear that
SpPmar1 is not an orthologue of PlHbox12. In contrast, for
example, the Orthopedia-like proteins of S. purpuratus
(Simeone et al., 1994) and Paracentrotus lividus (Di Ber-
nardo et al., 1999), which are true orthologues from the
same paired class homeodomain family, are 100% identical
in their homeodomains, and 90–95% identical elsewhere. It
in red. The red arrowhead indicates the position of the intron, and the hypothetical nuclear localization signal is shown in blue letters. The
asterisk indicates the stop codon at position 784. Amino acids that are underlined in red and black are the sequences used in (C) for
comparison, and the nucleotides underlined indicate the primers used in the QPCR experiments. Sites that conform to targets for protein
kinase C are present, starting at positions 520, 556, 616, 631, 667, 691; sites for casein kinase 2 are present starting at positions 529 and
604; and for tyrosine kinase, starting at position 697. These sites suggest that the Pmar1 protein could be subject to a variety of
modifications that might affect its function. (B) Amino acid alignment of the homeodomains of SpPmar1 with those of other paired class
proteins belonging to the Mix, Anf, Vsx, and Gsc subclasses. The dark blue residues are 100% conserved among these domains, and these
are the diagnostic amino acids of paired class homeodomains. Gray columns denote at least 80% conservation, and light blue columns at
least 60% conservation. (C) Amino acid alignment of the two potential repressor domains of Pmar1, i.e., the RP1 and RP2 peptides (see A),
with the corresponding sequences of PlHbox12, the eh1 domains of the Engrailed proteins, the GSH domain of the Gsc proteins, and
octapeptide sequences of other homeodomain proteins. Color code as in (B). The sequences are from the following sources: SpPmar1, this
work (GenBank Accession No. AF443277), PlHbox12 (Di Bernardo et al., 1995), XlAnf1 (Zaraisky et al., 1992), AbAnf (Kazanskaya et al.,
1997), XlMix1 (Rosa, 1989), GgCMix (Peale et al., 1998), GgChx10.1 (Chen and Cepko, 2000), HsVsx (Semina et al., 2000), BtRinx (Hayashi
et al., 2000), MmChx10 (Liu et al., 1994), DrVsx1 (Passini et al., 1998), HsdJ513M9.1 (GenBank Accession No. AL049631), BfGsc (Neidert
et al., 2000), HsGsc-like (Gottlieb et al., 1997), MmGsc2 (Galili et al., 1997), GgGsc2 (Lemaire et al., 1997), DmEn (Poole et al., 1985), XlEn2
(Hemmati-Brivanlou et al., 1991), CePfam (C. elegans Genome Sequencing Consortium, 1998), and DmGsb-n (Adams et al., 2000).
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is probably best to consider pmar1 as a gene encoding a
member of a separate subgroup of paired class homeodo-
main regulators.
Among the noteworthy features of the Pmar1 protein are
two almost perfectly repeated 11-amino acid-long peptides
underlined in red in Fig. 1A (RP1 and RP2). In Fig. 1C, these
are aligned with the sequences of peptides from several
other homeodomain regulators, some of known function. A
similar sequence is encoded by the “octapeptide” of some
other paired class homeodomain proteins (Galliot et al.,
1999), and is also present in the C-terminal region of
PlHbox12. The Engrailed peptides included in Fig. 1C, i.e.,
the “eh1” domain, and the similar “GDH” domain of the
Gsc protein, have been shown to be responsible for the
transcriptional repression function of these regulators; they
are sites at which corepressors interact (Smith and Jaynes,
1996; Mailhos et al., 1998). This comparison suggested that
Pmar1 may also function as a repressor, as indeed turned
out to be the case.
Spatial and Temporal Expression of Sppmar1
The unique role that the pmar1 gene plays in micromere
specification is immediately suggested by its spatial and
temporal pattern of expression. The gene is zygotically
expressed only for a few hours early in development, and
exclusively in micromeres and their immediate progeny.
The transience of pmar1 expression is illustrated in Fig. 2.
Two different kinds of measurement are here superim-
posed, viz probe excess RNA titration and QPCR. The probe
excess RNA titration method not only provides an accurate
absolute quantification of the transcripts, but is also very
sensitive, allowing the measurement of very low prevalence
transcripts. QPCR is, of course, also very sensitive, but it
provides only relative data that must be related to an
absolute standard in order to obtain the number of tran-
scripts per embryo. All QPCR measurements were initially
normalized to ubiquitin transcript levels measured in the
same RNA samples, since the level of ubiquitin message is
constant in S. purpuratus embryos throughout the first 24 h
of development (Nemer et al., 1991; Ransick et al., 2002).
Following this small correction, which essentially equal-
izes all the input samples, absolute values for pmar1
transcripts were computed in two different ways. The
results of both are shown in Fig. 2 (white and black bars),
together with the probe excess titration results (gray bars).
First, the QPCR results at different times were converted to
absolute transcript numbers by reference to the probe
excess titration results for the 9.5-h point (black bars). In
addition, as an independent standard, we calculated pmar1
transcript amounts by reference to the levels of transcripts
of another regulatory gene, Spz12-1, which were also mea-
sured in the same QPCR samples (white bars); absolute
values for Spz12-1 mRNA had been obtained earlier over
this same developmental period by probe excess titration
(Wang et al., 1995). As Fig. 2 shows, the three estimates
agree well, except for the 5-h time point. Here, the QPCR
results indicate an extremely low level of pmar1 tran-
scripts, only about 10–20 per embryo, while the titration
indicates about 300. However, pmar1 transcription begins
at just about this time, and the discrepancy probably
reflects a difference in timing that could amount to only a
few minutes (300 molecules could be generated by the eight
genes of the four micromeres in only a few minutes; for
rates, see Davidson, 1986).
Expression of pmar1 begins right after fourth cleavage,
and there are no maternal transcripts. Separation of the
micromeres occurs at this cleavage, at about the 5-h time
point, and as Fig. 2 shows, by 2 h later, the gene is
represented according to all measurements by some hun-
dreds of transcripts per embryo. The peak transcript level is
at 8 h (6th cleavage). The level of pmar1 transcript then
slowly decreases during later cleavage stages and becomes
undetectable by 21–24 h (mesenchyme blastula stage).
pmar1 expression does not occur later in embryonic devel-
opment, nor in any adult tissues tested (data not shown).
The role of pmar1 is therefore likely to be confined to the
very early phases of development.
The spatial pattern of pmar1 expression was determined
by WMISH, and is illustrated in Fig. 3. Exactly the same
outcome was obtained with different antisense probes de-
tecting either the portion of the message that encodes the
homeodomain or the C-terminal half of the protein (not
shown). As Fig. 3B shows, pmar1 transcript appears in the
cytoplasm of the micromeres almost right after they are
formed, and by fifth cleavage, just as indicated in Fig. 2, the
level of transcript has increased (6.5 h; Figs. 3C and 3D).
Some micromeres appear to stain with greater intensity
than others. According to Fig. 2, sixth cleavage is near the
peak of expression and both large and small micromeres
then express pmar1 (Fig. 3F). In late cleavage embryos (Figs.
3G and 3H), pmar1 transcripts continue to be confined to
the micromere lineage, and remain so until their level falls
below detectability. This pattern of expression is com-
pletely distinct from that of Plhbox12, the closest known
relative of pmar1 (Fig. 1B). Plhbox12 is transcribed during
cleavage in ectodermal blastomeres, and is not expressed at
all in any part of the micromere lineage (Di Bernardo et al.,
1995). This is consistent with our conjecture that these two
genes are not orthologous.
In summary, pmar1 is expressed zygotically in micro-
meres beginning immediately after their segregation at
fourth cleavage. Its expression is transient, fading out by the
time the skeletogenic progeny of the micromeres begin
ingression. Therefore, it is unlikely that its primary role is
direct control of skeletogenic mesenchyme cell differentia-
tion. On the other hand, its expression occurs during the
period when the micromeres and their immediate progeny
execute the critical signaling functions that first specify the
veg2 endomesoderm and then the inner ring of veg2 meso-
derm progenitors.
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Sppmar1 Encodes a Transcriptional Repressor
The Pmar1 protein was converted into an obligate repres-
sor by incorporation of the Engrailed repressor domain, and
mRNA encoding this chimeric module was injected into
fertilized eggs. At the same time, natural pmar1 mRNA was
injected into other eggs: a remarkable phenotype resulted,
exactly the same in both injections. It follows that Pmar1
normally functions as a transcriptional repressor in the
embryo, just as implied by the presence of the repeated
peptide (RP) domains highlighted in the sequence of Fig. 1.
These experiments were carried out with the two differ-
ent versions of the Engrailed domain fusions shown in Fig.
4A. In one of these, the whole of the Pmar1 protein
sequence is included, and in the other, essentially only the
Pmar1 homeodomain is retained. Note that this last version
(En-Pmar1-HD) lacks the two copies of the repressor pep-
tide, while the longer version (En-Pmar1-Tot) includes
them. The two versions functioned identically. As a control
for injection damage and RNA toxicity, an mRNA encoding
GFP in frame with the Pmar1 translational start site was
also injected. The amounts of mRNA injected in these
experiments were relatively low, only about 2.3–10  104
molecules/egg (confirmed by QPCR measurements on the
injected eggs). Figure 4 illustrates the phenotype observed
with pmar1 mRNA, en-pmar1-hd mRNA, and en-pmar1-
tot mRNA, together with normally-developing pmar-gfp
mRNA and KCl-injected controls.
In the KCl-injected embryos (Figs. 4B1–4B3), ingression
of the 16 skeletogenic mesenchyme precursors is almost
complete at 20 h postfertilization. On ingression, these
cells divide once more, and by 24 h, have begun to arrange
themselves around the lower wall of the blastocoel. There
they will presently form a ring centered on the two oral-
lateral clusters, where spiculogenesis will begin (McClay et
al., 1992; Ettensohn, 1992). Up to hatching blastula stage,
embryos translating exogenous pmar1 mRNA, en-
pmar1-hd mRNA, or en-pmar1-tot mRNA look essentially
normal (e.g., Fig. 4B4). They undergo a normal pattern of
cleavage and they hatch on time. But as ingression begins, a
striking difference emerges: an abnormally large number of
cells proceed to ingress into the blastocoel. Though it
begins as it should in these embryos, at the vegetal pole,
ingression progressively involves cells of veg2 and then veg1
territories, and sometimes even of the ectodermal territo-
ries derived from the mesomeres. The extent of ectopic
ingression is dose-dependent. Excess ingression can be seen
in the pmar1 mRNA embryos at 20 h in Fig. 4B5, and by
24 h, such embryos are almost filled with ingressed cells, as
illustrated in Fig. 4B6. Almost the whole embryo can be
converted into ingressed cells if more pmar1 mRNA is
introduced. Figures 4B7–4B8 display the identical 24-h
phenotype as Fig. 4F, but these embryos are expressing the
two pmar-engrailed fusion mRNAs rather than pmar1
mRNA. Embryos expressing the pmar-gfp fusion are normal
(Fig. 4B9).
The phenotypes shown in Figs. 4B5–4B8 are invariably
obtained in embryos ectopically translating both the nor-
mal Pmar1 protein and the Engrailed-Pmar1 fusions. Given
the dominant transcriptional repression that Engrailed do-
main fusions execute on target genes, the normal targets of
the Pmar1 factor must include gene(s), the function of
which is to prevent ingression outside of the micromere
lineage, and therefore to confine ingression behavior to the
micromere progeny. When these target genes are ectopi-
cally repressed, ingression occurs in additional embryonic
territories.
pmar1 and the Regulatory Gene Network for
Micromere Specification
If pmar1 encodes a repressor, what are the target genes of
this regulatory system, and why does its inactivation pro-
mote widespread, excess ingression? cDNA was prepared
from embryos carrying either exogenous pmar1 mRNA or
en-pmar1-hd mRNA, from control embryos bearing mRNA
encoding GFP, and from untreated controls, at late cleavage
and mesenchyme blastula stages (12–14 h and 23–24 h
postfertilization). QPCR measurements were then per-
formed on these preparations, using probes identifying the
transcripts of a series of other genes. The intent was to
determine the effect of perturbing pmar1 expression on the
expression of these other genes. The key results are given in
Table 1.
Table 1A shows effects on genes that execute regulatory
FIG. 2. Temporal expression of the pmar1 gene during sea urchin
development. The graph shows the number of transcripts of pmar1
obtained with different methods. Data obtained by probe excess
titration are shown as gray bars. Conversion of QPCR data to
absolute number of transcripts using the known amounts of
Spz12-1 as standard is shown as white bars. Normalization to the
number of pmar1 transcripts in 9.5-h embryos according to the
probe excess titration is shown as black bars. The QPCR values
were obtained by comparison of the cycle number in each given
reaction required to achieve threshold set in the exponential phase
of the amplification process, and were initially normalized to the
ubiquitin mRNA present in each sample. The efficiency of ampli-
fication was assumed to be 1.9. Where no bars are shown, there
were no observations made.
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functions essential to the endomesodermal specification
process. The delta gene encodes the ligand of Notch, which,
as reviewed above, is expressed by the micromeres in late
cleavage. This signal is required for specification of the
contiguous veg2 mesodermal domain. The other three genes
encode transcription factors. The t-brain (tbr) gene is ex-
pressed zygotically only in the skeletogenic large micro-
mere lineage and then in their mesenchymal descendants
(Croce et al., 2001; K. Akasaka, unpublished data; P.O. and
J. Rast, unpublished data). If tbr mRNA translation is
blocked by introduction of an antisense morpholino oligo-
nucleotide, skeletogenesis does not occur (P.O. and J. Rast,
unpublished data). The deadringer (dri) gene is also ex-
pressed during the blastula stage in the skeletogenic mes-
enchyme lineage, and its expression in these cells is simi-
larly necessary for skeletogenesis to occur (G. Amore and
E.H.D., unpublished data). The ets gene is zygotically
expressed in the skeletogenic lineage as well, and a nega-
tively acting derivative of this factor again blocks skeleto-
genesis (Kurokawa et al., 1999). Table 1A shows that all
four of these genes are strongly upregulated by ectopic
expression of both pmar1 mRNA and of mRNA encoding
the Engrailed-Pmar1 fusion protein. The effects are very
clear at 24 h, when as Fig. 4 illustrates, a dramatically
increased ingression of cells into the blastocoel is taking
place in these embryos: delta mRNA levels increase 4- to
8-fold; tbr mRNA levels increase 5- to 44-fold; dri mRNA
levels increase about 70- to 100-fold; and ets mRNA levels
increase 18- to 33-fold. Derepression of delta, tbr, and dri is
even observed at late cleavage, though to a lesser extent. For
tbr, however, zygotic changes in transcript level are par-
tially masked at this stage by the presence of maternal tbr
mRNA. No significant changes are noted in the levels of the
control GFP mRNA in these embryos. The results shown in
Table 1A point directly to the importance of pmar1 for
controlling expression of regulators of two of the fundamen-
tal developmental functions executed by the micromeres
and their immediate descendants: presentation of the Delta
mesoderm-inducing signal; and installation of the skeleto-
genic program of gene expression.
In Table 1B, we show that six out of seven skeletogenic
differentiation genes are similarly upregulated by introduc-
tion of pmar1 mRNA and of the Engrailed-homeodomain
Pmar1 (En-Pmar1-HD) fusion mRNA. Measured immedi-
ately after ingression (23–24 h), the levels of transcripts of
these genes are increased from 4- to 60-fold. Only the sm30
FIG. 3. Spatial expression of pmar1 by WMISH. (A, B) Fourth cleavage; (C, D) fifth cleavage; (E, F) sixth cleavage; (G, H) eighth cleavage.
(A, C, E, G) Lateral views of the embryo, vegetal pole at the bottom. (B, D, F, H) Vegetal views, focused on the micromeres or their progeny.
The number of transcripts per cell shown beneath (D) and (F) is the average of the results for these times in Fig. 2, divided by the number
of cells that show positive staining. No number is given for fourth cleavage, since the transcript level is rising rapidly during this cycle (see
text). It is difficult to count the cells that are positive for pmar1 expression in the 12-h embryos due to the light staining. Note that
sometimes the level of hybridization is different in each positive cell, e.g., in (D). The positive hybridization signal is always localized to
the cytoplasm of the cells, leaving the nuclei unstained. Where the cells have only a small amount of cytoplasm, as do the small
micromeres, the stain is hard to perceive from the side (E), but can be seen in full vegetal view (F).
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FIG. 4. mRNA injection experiments. (A) Diagrams of transcripts used for injection (see Materials and Methods). A key to the color coding
is given at the bottom of the figure. (B) Phenotype observed in embryos ectopically expressing pmar1 mRNA and mRNA encoding the two
Engrailed-Pmar1 fusions. (B1–B3) Control embryos injected with KCl solution (120 mM), as used in the injection solutions shown at
different developmental stages. (B1) Hatched blastula, (B2) skeletogenic mesenchyme ingression, (B3) mesenchyme blastula. (B4–B6)
Embryos injected with transcript prepared in vitro that encodes Pmar1 protein. Developmental stages are as in (B1–B3). Note the massive
and abnormal ingression of cells into the blastocoel. In B6, more than half of cells of the embryo are ingressing into the blastocoel, causing
217Micromere Specification Network
© 2002 Elsevier Science (USA). All rights reserved.
gene is unaffected, or perhaps only mildly affected, and this
gene may be a special case since its transcription depends
greatly on the phase of spiculogenesis at which it is mea-
sured (Guss and Ettensohn, 1997; Urry et al., 2000). Its
expression may also depend on signals from other embry-
onic territories which are severely affected by perturbations
of pmar1 expression, as we discuss in the following. The
results in Table 1B indicate, just as implied by the upregu-
lation of tbr, dri, and ets, that expression of either En-
Pmar1-HD or of the Pmar1 factor itself grossly increases the
level of skeletogenic differentiation. Taken together with
the morphology of the experimental embryos shown in Fig.
4, it becomes clear that the excess ingressed cells seen in
the treated embryos have been converted to a skeletogenic
pathway of differentiation.
This conversion can be seen in Table 1C to occur at the
expense of other pathways of specification in the embryo.
Three markers are shown, viz the classic veg2 lineage
marker, endo16 (at 24 h an endomesoderm marker
Nocente-McGrath et al., 1989; Ransick et al., 1993); the
oral ectoderm marker, goosecoid (gsc; Angerer et al., 2001);
and the aboral ectoderm marker, spec1 (Gan et al., 1990;
Kingsley et al., 1993). Introduction of pmar1 mRNA or
en-pmar1-hd mRNA depresses endo16 expression 50- to
1000-fold. Both mRNAs essentially wipe out gsc expres-
sion, and they decrease spec1 expression up to 10-fold. In
considering these powerful effects, it is important to keep
in mind that none of these three genes are likely to be direct
targets of pmar1, since as shown in Fig. 2, the normal period
of pmar1 expression is essentially over by the time these
genes become active, the more so at the 24-h time these
measurements were made. Nor are endo16 or spec1 ex-
pressed at all where pmar1 is, i.e., exclusively in the
micromeres. As Table 1D shows, the injected pmar1 and
gfp mRNA are stable to 24 h at least, and so the effects that
we see in all of these experiments are ectopic in both the
temporal and the spatial sense. This fact explains the
results in Tables 1A–1C, as we now show by determining
where some of the key genes are being expressed in the
treated embryos.
pmar1 Controls the Localization of Micromere
Induction Signals
The micromeres are responsible for two signaling pro-
cesses that are required for the specification and patterning
of the endomesoderm. As summarized above, these are the
Delta signal that triggers veg2 mesodermal specification and
the early signal required for the normal specification of the
veg2 lineage. Here, we show that localization of both of
these essential functions to the micromeres depends on
pmar1 function.
The delta gene begins to be expressed in large and small
micromeres at seventh cleavage (Sweet et al., 2002; data not
shown). In Fig. 5A, this pattern of delta expression can be
clearly seen in a normal late cleavage embryo. The veg2
lineage now consists of 32 cells, of which the inner ring of
16 directly abut the delta-expressing large micromeres. Six
hours later, at blastula stage, expression of delta is still
confined to the skeletogenic and the small micromere
lineage (Figs. 5B and 5C). The normal, strictly localized
early blastula pattern of delta expression is also seen in a
control embryo developing from an egg injected with
pmar1-gfp mRNA in Fig. 5D (see Fig. 2 for pmar1-gfp). The
pattern of delta expression changes sharply at late blastula
stage. As soon as the skeletogenic cells ingress into the
blastocoel, they extinguish expression of the delta gene,
while at about the same time (23–24 h), the now specified
veg2 mesoderm cells remaining in the vegetal plate activate
this gene (data not shown). The inputs responsible for delta
activation in veg2 are not known, and this phase of delta
expression lies outside of the province of the present work;
it is likely that the cis-regulatory elements controlling late
delta expression are different from that responsible for its
cleavage stage activation.
The measurements in Table 1 demonstrate that ectopic
expression of both pmar1 mRNA and mRNA encoding the
Engrailed repressor domain fusion to the Pmar1 homeodo-
main (en-pmar1-hd mRNA) result in a large increase in
delta transcript levels. This effect can be seen as early as
12–14 h after fertilization. What this means for the embryo
can be seen in the WMISH experiments illustrated in Figs.
5E and 5F. A dramatically different spatial pattern of delta
expression results from introduction of either pmar1
mRNA (Fig. 5E) or en-pmar1-hd mRNA (Fig. 5F): in both
cases, the delta gene is expressed globally, in every cell of
the embryo. Since injected mRNAs are expressed globally,
this means that the delta gene is expressed just where
pmar1 mRNA is expressed, both in this experiment and in
normal embryos, in which both genes are expressed only in
micromeres. Since global delta expression also follows from
ectopic en-pmar1-hd mRNA expression, pmar1 is a spatial
antirepressor. Its role in normal embryos is to relieve an
otherwise ubiquitous repression of the delta gene, specifi-
cally and exclusively in the micromeres. Evidently, the
activator(s) of the delta gene are ubiquitously present, so
the micromere-specific spatial control system revealed by
detachment of the hyaline layer, so as to form wrinkles not observed during the normal ingression process (cf. B3). (B7) 28-h embryo injected
with mRNA encoding En-Pmar1-HD, in which the Engrailed repressor domain is fused to the homeodomain of the Pmar1 factor. (B8) 24-h
embryo injected with mRNA encoding En-Pmar1-Tot, in which the Engrailed repressor domain is fused with the whole Pmar1 protein. (B7)
and (B8) clearly show the same phenotype as (B6). (B9) Embryo injected with mRNA encoding the Pmar1-GFP fusion (see A). The green false
color indicates the presence of the GFP, which is brightly evident under fluorescent illumination.
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TABLE 1
Effects on Expression Levels of Various Genes Following Perturbations of pmar1 Functiona
Table 1A. Increase of Micromere Regulatory Gene Activity as a Result of Ectopic pmar1 Expression
12–14 h Expressionb pmar1 en-pmar1-hd pmar1-gfp
delta Zy m 7.9; 3.1f 3.7; 3.1f 1.7
tbr Ma Ub; Zy m 2.1; 3.5f 2; 2.9f 0.9
ets Ma Ub; Zy PMC 2.5 1.8 2.2
dri ND/PMC 9.7 4.7 3
23–24 h
deltac PMC; SMC 5.3; 5.1f 3.6; 7.5f 2.1
tbr PMC 9.1; 43.8f 5.4; 20.6f 1.3
ets PMC 32.6 18.4 1.1
dri PMC 72 104 1.1
Table 1B. Increase of Skeletogenic Gene Expression as a Result of Ectopic pmar1 Expression
23–24 h Expressionb pmar1 en-pmar1-hd pmar1-gfp
sm50 PMC 4.4; 16.5f 0.6; 4.9f 1.2
msp130L PMC 32.9 22.4 1.9
ficolin L PMC 42.7 14.9 1.9
pm27 PMC 13 5.6 0.9
msp130 PMC 60.4 20.3 1
cycloph. PMC 33.9 11.4 2.4
sm30 ND/PMCd 3.1 1.9 0.3
Table 1C. Decrease of Endoderm and Ectoderm Functions as a Result of Ectopic pmar1 Expression
23–24 h Expressionb pmar1 en-parm1-hd pmar1-gfp
endo16 EM 0.02 0.0007 0.8
gsc OE 0.0002 0.0001 1.1
spec1 AbE 0.1 0.4 —
Table 1D. Measurements on Injected RNAs
12–14 h Expressionb pmar1 en-pmar1-hd pmar1-gfp
pmar1 Zy m 310; 390f — —
gfp ND — — 8710e
23–24h
pmar1 ND 93; 850e,f — —
gfp ND — — 650e
a Numbers shown are fold differences in transcript compared to controls in the same batch of embryos. Cycle threshold (CT) data obtained
by QPCR were first normalized to CT values for ubiquitin in each sample, and the fold difference in normalized values was calculated from
the difference (CT) in normalized CT values between experimental and control measurements. To calculate fold difference, it was assumed
conservatively that the efficiency of the amplification was 1.9 per cycle: fold difference is 1.9CT. For sources of genes (i.e., probes) used in
the experiments of these Tables, see Davidson et al. (2002), this issue. All measurements were carried out in duplicate, and averages are
shown: duplicate samples varied from one another in CT by only 0.1–0.2 cycles. Where measurements were carried out on independent
batches of cDNA, they are separated by semicolons.
b Domain of expression in uninjected embryos at the time indicated in the Table: Zy, zygotic expression; m, micromeres and large
micromere daughter cells; Ma, maternal transcript; Ub, ubiquitous distribution; PMC, prospective skeletogenic or “primary” mesenchyme
cells; SMC, prospective “secondary” mesenchyme cells (i.e., veg2 mesodermal domain at 23–24 h); EM, endomesoderm; OE, oral ectoderm;
AbE, aboral ectoderm; ND, not detected because level of transcript is too low to be observed by in situ hybridization.
c In S. purpuratus, 23–24 h is a transition time with respect to expression of the delta gene. Before this, delta is expressed in the skeletogenic
lineage of the vegetal plate descendant from the large micromeres (“pmc” in the Table). But as ingression is completed and the skeletogenic cells
assume mesenchymal form, they cease to express delta. Meanwhile delta expression appears within all cells of the veg2 mesodermal domain
(unpublished in situ hybridization data), which after pmc ingression occupies the central region of the vegetal plate immediately surrounding the
eight small micromeres. The cells now expressing delta are the prospective secondary mesenchyme (smc) that derives from the veg2 mesoderm.
d Expression of sm30 has just begun at this time, and only in some pmc’s (Guss and Ettensohn, 1997), and these measurements were near
the limit of detection.
e In these cases, the normal levels of transcript are zero, and the values shown are relative to the background levels of the SYBR green
fluorescent stain; they are intended to allow comparison with one another as an index of injected mRNA stability.
f The two numbers result from two different experiments conducted on different embryo batches. Each measurement was carried out in
duplicate as described in a.
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these experiments works entirely through negative interac-
tions.
Figures 5G–5I speak to the spatial control of the early
micromere signal. Here, we utilize endo16 as a marker of
the effect of this signal. Ransick and Davidson (1995)
showed that the normal expression of endo16 in the veg2
lineage required the presence of the micromeres at least in
fourth and fifth cleavages. Furthermore, transplanted mi-
cromeres cause ectopic endo16 expression (and transforma-
tion of endomesodermal fate) in those presumptive ecto-
derm cells on which the transplanted micromeres are
placed (Ransick and Davidson, 1993). The normal endome-
sodermal pattern of endo16 expression in the mesenchyme
blastula-stage embryo (Ransick et al., 1993) is shown in
Figs. 5G and 5H. Again, the pattern of expression is very
different in an embryo globally expressing pmar1 mRNA, as
FIG. 5. The role of pmar1 in controlling micromere-specific signaling functions. Probes used for the WMISH illustrated in each panel are
shown at upper right, time after fertilization at lower left, and where an mRNA has been injected in the egg (or KCl, used as a control for
injection trauma), its identity is indicated in the lower right. All panels show lateral views, vegetal pole down except (A), (C), and (H), which
are vegetal pole views. (A–C) Expression of the delta gene in normal embryos. The delta gene is expressed in the large and small micromeres
at late cleavage (A), and in the progeny of these cells in the 18-h blastula stage (B, C). (D) delta expression remains confined to the micromere
lineages in control embryos expressing pmar1-gfp mRNA. (E, F) Global expression of delta caused by injection of pmar1 mRNA (E) or
en-pmar1-hd mRNA (F). The mRNAs were injected into the fertilized eggs from which the embryos shown developed. (G–I) Expression of
the endo16 gene. In unperturbed embryos, endo16 is activated throughout the veg2 endomesoderm. The small micromeres remaining in the
center of the vegetal plate after skeletogenic mesenchyme ingression do not express endo16. (G, H) KCl-injected control embryos at 24 h
display normal patterns of endo16 expression (cf. Ransick et al., 1993); (G) vegetal view; (H) lateral view. (I) Ectopic expression of endo16
in a 24-h embryo containing exogenous pmar1 mRNA, lateral view: compare (H). The embryo is filled with an abnormal mass of
mesenchyme cells, that exclude all but the epithelial ectoderm at the top of the embryo (the former animal pole end just as seen in Figs.
4B6–4B8). These cells are contiguous to the internal mass of mesenchyme cells and they express endo16.
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illustrated in Fig. 5I. The main vegetal expression domain of
endo16 has been lost, just as indicated in the QPCR
experiment of Table 1C. The endo16 gene is now expressed
in a relatively small number of cells, but in a completely
ectopic position at the opposite pole of the embryo. In the
phenotype experiments illustrated in Fig. 4, we noticed
that, as the dose of pmar1 or en-pmar1 is increased, the
domain of the cells converted to skeletogenic cells expands
toward the animal pole until all the embryo is converted to
PMC fate. Therefore, the remaining epithelial cells express-
ing endo16 are probably prospective apical plate oral ecto-
derm; unlike most of the cells normally fated to become
ectoderm, in this embryo, these cells alone have retained
their tight epithelial alignments. The particular cells ex-
FIG. 6. The pmar1 gene controls spatial expression of a skeletogenic transcription factor and of a skeletogenic differentiation gene. The
WMISH probe used is shown at the upper right in each panel, and the mRNA injected into the egg from which the embryo developed is
indicated at the lower right. (A–F) The tbr gene; (G–I) the sm50 gene. (A) Control blastula-stage embryo expressing a GFP fusion with the
N-terminal residues of Pmar1 (Fig. 2). The tbr gene is expressed only in the skeletogenic micromere lineage (the small micromeres do not
express this gene). (B) Embryo of the same stage as (A) expressing pmar1 mRNA. (C) Embryo at same stage as (A) expressing en-pmar1-hd
mRNA. WMISH reveals global tbr expression in (B) and (C). (D) Control embryo at late blastula stage. Note that ingression is not yet
complete, and some tbr-expressing cells of the skeletogenic mesenchyme lineage are within the blastocoel while others are still embedded
in the vegetal plate. (E, F) Global tbr expression in embryos containing exogenous pmar1 or en-pmar1-hd mRNA, respectively. Most of
these embryos consist of aggregations of mesenchymal cells with poor adhesive qualities. (G) Control embryo expressing sm50 in
skeletogenic cells, consistent with earlier observations (e.g., Kirchhamer et al., 1996; Makabe et al., 1995; Lee et al., 1999). (H) Global
expression of sm50 in a largely mesenchymal embryo containing exogenous pmar1 mRNA. (I) Expression of sm50 throughout most of an
embryo expressing exogenous en-pmar1-hd mRNA. The only nonmesenchymal cells are at the animal pole and these are also the only cells
not expressing sm50.
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pressing endo16 are in contact with the excess mesenchy-
mal cell mass that fills the embryo as a result of the ectopic
pmar1 mRNA expression. The consequence is exactly
reminiscent of that produced by ectopic transplantation of
micromeres to the equivalent location: the endo16 gene is
turned on by contact with cells that have the properties of
micromeres or their descendants. Here, the relevant prop-
erty is just the presence of the Pmar1 transcription factor. In
the embryo in Fig. 5I, only a few cells express endo16, i.e.,
those at the top of the embryo, which have resisted trans-
formation to mesenchymal fate, while all the cells express
pmar1 mRNA. This fact supports the interpretation that
endo16 expression is an induced response. The control
function executed by the Pmar1 factor must therefore affect
the presentation of the inducing signal.
In summary, the experiments of Fig. 5 and Table 1 show
that the spatial localization of delta gene expression is
(indirectly) controlled by the pmar1 gene, and so, most
likely, is the veg2-inducing signal produced by the micro-
meres. The pmar1 gene is causally responsible for confining
these essential developmental inductions to the micro-
meres and their immediate progeny.
pmar1 and the Specification of Skeletogenic Fate
The large micromere lineage gives rise solely to skeleto-
genic mesenchyme, and as reviewed above, by late cleavage
stage, genes encoding transcription factors required for
skeletogenesis have already begun to be expressed in these
cells. We saw in Table 1A that the levels of expression of
three such genes, ets, dri, and tbr, are increased many fold
by introduction of either pmar1 or en-pmar1-hd mRNA.
The data in Table 1B show that the same is true for six
different differentiation genes that are normally expressed
only in skeletogenic mesenchyme, viz sm50, ficolin, pm27,
msp130, msp130-like, and cyclophilin. The most straight-
forward implication is that the excess cells that fill the
blastocoel in embryos globally expressing pmar1 or en-
pmar1-hd mRNA (Fig. 4) have actually been transformed
into a skeletogenic state of differentiation. As a test of this
idea, we examined the spatial expression of two genes that
serve as specific markers of the skeletogenic regulatory
program, viz the sm50 gene and the gene encoding the tbr
transcription factor. Expression of tbr is required for skel-
etogenesis, as noted above; and the same is true for expres-
sion of the sm50 skeletogenic matrix protein gene (Wilt,
1999). The tbr gene is of particular interest in that it is the
earliest known skeletogenic regulatory gene to be expressed
in the large micromeres. Zygotic tbr transcripts can be
detected by WMISH from 12 h onwards, and in later stages,
this gene continues to be expressed only in the skeletogenic
mesenchyme (Croce et al., 2001, for P. lividus; our unpub-
lished data for S. purpuratus).
The normal pattern of tbr expression in S. purpuratus is
shown in Fig. 6A at 14 h, and in Fig. 6D at 24 h. The
dramatic effect on tbr transcription of forcing global expres-
sion of the Pmar1 or En-Pmar1-Hd factors is shown in Figs.
6B and 6C at 14 h, and in Figs. 6E and 6F at 24 h. Injection
of both mRNAs causes every cell in the embryo to express
the tbr gene. The result is just the same as observed for
delta in the experiments of Fig. 5, and the underlying
regulatory relationships must also be the same. It follows
then that the pmar1 gene encodes a repressor of a repressor
of the tbr gene, perhaps the same repressor as controls delta
expression. So in normal embryos, tbr, like delta, is ex-
pressed zygotically only in the micromere lineage, because
that is where pmar1 is expressed; and also like delta, tbr
responds to activators which are apparently present ubiqui-
tously since it is capable of being expressed everywhere.
Given that indiscriminate spatial expression of tbr is the
explanation for the enhanced levels of tbr transcripts in
embryos expressing pmar1 or en-pmar1-hd mRNA, the
same most likely holds for the other skeletogenic regula-
tory genes of Table 1A, that is ets and dri. These transcrip-
tion factors, and perhaps others, establish the skeletogenic
state of specification. The pmar1 gene controls the local-
ization of this state.
Similar results obtain for the sm50 gene. Figure 6G shows
normal sm50 expression, specifically in skeletogenic mes-
enchyme cells that have ingressed into the blastocoel,
while Fig. 6H displays global sm50 expression following
introduction of pmar1 mRNA. In the embryo in Fig. 6I,
which contains en-pmar1-hd mRNA, most of the cells
similarly express sm50, excluding only the remaining ecto-
dermal wall at the animal pole end.
We can now understand the peculiar morphology of late
blastula embryos expressing pmar1 or en-pmar1-hd mRNA,
as illustrated in Figs. 4B6–4B8, 5I; 6E, 6F, 6H, and 6I: these
embryos consist largely or completely of mesenchyme
cells. Their cells have lost their normal epithelial compac-
tion (e.g., compare these embryos to that of Fig. 6G) and so
they extrude spheroidally from the perimeter of the em-
bryo, as well as filling what was the blastocoel. They have
also lost expression of ectodermal and endomesodermal
marker genes (Table 1C). The experiments of Fig. 6 and
Table 1 show that these embryos consist largely of mesen-
chymal cells, that at least to a large extent have taken on a
skeletogenic program of differentiation.
DISCUSSION
pmar1 and the Gene Regulatory Network for
Micromere Specification
Expression of the pmar1 gene is required for the micro-
mere specificity of the essential developmental functions
executed by this lineage. The two best defined of these
functions are expression of the Delta signal delivered to the
prospective mesoderm, and installation of a skeletogenic
regulatory program. The “simplest interpretation” would
be that, in normal embryos, these functions are micromere-
specific because they are initiated by a positively acting
regulatory gene expressed only in the micromeres, but that
is not how it works. We see that these same functions can
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in fact be carried out by any cell in the blastula-stage
embryo, as shown by the ectopic pmar1 expression experi-
ments of Table 1 and Figs. 3–6. They are executed only in
micromeres because of a double repression system. As
summarized in the network diagram in Fig. 7, the role of the
pmar1 gene is to impose micromere specificity by permit-
ting the expression in micromeres of otherwise repressed
genes, viz delta, and at least the three skeletogenic regula-
tors so far known, tbr, ets, and dri. This requires transcrip-
tional repression of a zygotically active gene encoding a
repressor, the job of which is to shut down all these genes
wherever it is present, a function that is only necessary
because these genes can be turned on by ubiquitous activa-
tors. So pmar1 has the antirepressor function after which it
is named. It allows expression of delta and of the skeleto-
genic control genes only where it is expressed itself, i.e.,
(normally) only in the micromere lineage. Figure 7A shows
that, in this lineage, all of these genes except the global
repressor are active; Fig. 7B shows the state of this same
network in all other embryonic cells, where of these genes,
only that encoding the global repressor is active (active
genes are represented in color, inactive in gray). Our experi-
ments directly demonstrate that the conditions shown in
Fig. 7A can be forced to obtain in all other cells by forcing
ectopic expression of either pmar1 mRNA or of mRNA
encoding the Engrailed-Pmar1 homeodomain fusion.
The key features of the network model in Fig. 7 are
supported by very strong evidence. That the gene regulatory
protein encoded by the pmar1 gene functions as a transcrip-
tional repressor is implied by its repeated peptide, which is
similar in sequence to some known repressor domain
peptides of other factors (Fig. 1B). That it in fact acts as a
repressor is demonstrated by the near perfect equivalence of
the effects of pmar1 mRNA and en-pmar1-hd mRNA.
Engrailed domain fusions act as dominant silencers of the
target genes of the parent transcription factor: equivalent
derepressions of target genes occur on introduction of either
mRNA, as shown quantitatively in Table 1 and spatially in
Figs. 5 and 6. These results require that the protein encoded
by normal pmar1 message also acts as a transcriptional
repressor. The time course of pmar1 expression (Fig. 2) and
the spatial expression data (Fig. 3) show that this gene is
indeed transcribed detectably only in micromeres and their
immediate descendants, and that it goes on as soon as these
cells are born. The activity of pmar1 later fades out, and by
the time it does, the skeletogenic regulators expressed in
this lineage have been activated. Expression of tbr, ets, and
dri is in turn known to be necessary for skeletogenesis, as
reviewed above. Furthermore, the micromere-specific acti-
vation of the delta gene parallels that of pmar1, but about
2 h, or two to three division cycles, later (Fig. 4).
We know less about the linkage between pmar1 and the
early specifying signal from the micromeres to the progeni-
tors of the veg2 lineage. The molecule encoding this signal
is not identified, and on present evidence there is no way of
distinguishing between direct activation of this gene by the
Pmar1 factor and an indirect, antirepressor function similar
to that by which the other pmar1 target genes are con-
trolled. We can see only the effects of the signal, here
visualized by endo16 expression (Fig. 5I). Only cells that
have not been transformed to skeletogenic fate when pmar1
mRNA is expressed ectopically can be induced to display
endo16 expression. Since such cells occur exclusively only
in a small domain at the animal pole end of the embryo, we
can see the effect of the ectopic signal only in a limited
region. That is, we cannot yet tell whether all the trans-
formed cells of embryos ectopically expressing pmar1
mRNA also express the gene encoding the early signal
ligand, as they do delta and tbr genes (Figs. 5 and 6). To
summarize, this aspect of the network is the least secure
because we do not yet know the mechanism of the linkage
between pmar1 and the gene encoding the early signal.
Another gene, the identity of which remains unknown, is
that encoding the global repressors of Fig. 7. Our results
clearly require the existence of such a gene or genes, and in
order for the effects of en-pmar1-hd to be as they are, its
relevant products must be produced zygotically rather than
maternally. For various reasons (which are both too detailed
and too uncertain to bear discussion here), we think it
unlikely that any of the known genes encoding repressors
found in the early embryo are likely to play this role: these
include the soxb1 gene (Kenny et al., 1999) and the hnf6
gene, which is itself also repressed by pmar1 (O. Otim, G.
Amore, and E.H.D., unpublished data; Davidson et al.,
2002). We note that the gene encoding the unknown repres-
sor would not have been recovered in the differential screen
described elsewhere in this issue (Ransick et al., 2002),
because that screen was aimed specifically at genes ex-
pressed exclusively in the prospective endomesoderm; the
repressor in question must be expressed everywhere. This is
indeed an example of a ubiquitously expressed regulator
that participates in a sharply lineage-specific spatial control
system.
The Autonomous Specification State of the
Micromere Lineage
Fourth and fifth cleavage micromeres provide the classic
example of an autonomously specified cell lineage in the
sea urchin embryo. As originally observed by Okazaki
(1975), and repeated numerous times with modern markers
and observational methods, when excised and placed in
culture, micromeres will undergo the correct number of cell
divisions and then generate calcite skeletal elements, if fed
a simple medium (reviewed by Davidson, 1986, 1990;
Davidson et al., 1998). No other early embryonic blas-
tomeres can do this, and the fifth cleavage large micromere
lineage produces no other cell type than skeletogenic mes-
enchyme, whether the cells are in normal or ectopic posi-
tions in the embryo. But now that we see that the micro-
mere specificity of skeletogenic function depends indirectly
on a ubiquitous repression system, we may reasonably ask
what the term “autonomous” actually means.
Part of the answer to this question lies in the cis-
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regulatory system of the pmar1 gene, of which we yet have
only minimal knowledge. Two specific inputs are very
probably involved in activating the pmar1 gene in micro-
meres immediately after fourth cleavage. These are the
precocious localization of maternal Otx factor in micro-
mere nuclei at this time (Chuang et al., 1996), and the early
location of maternal -catenin in these nuclei (Logan et al.,
1999; for S. purpuratus, unpublished data of A. Ransick, C.
FIG. 7. The micromere-PMC regulatory network. The network shown is derived from results described in this paper plus other already
known interactions (Davidson et al., 2002). The diagram in (A) shows interactions underlying the state of specification in the
micromere/skeletogenic mesenchyme nuclei. (B) The status of the same interactions in the nuclei of the remaining embryo cells. The
connecting lines represent predicted direct linkages between given regulatory genes and the cis-regulatory elements of other genes. Arrows
indicate an activating positive function and bars negative or repressive interactions. Gray lines indicate functions that are not expressed and
colored lines indicate active genes. The autonomous nuclearization of -catenin (orange input) occurs first in micromeres and later in all
endomesoderm lineages (Logan et al., 1999). The maternal Otx isoform (light green) is nuclearized in the micromeres at the 16-cell stage
(Chuang et al., 1996). The light green box and the orange circles represent binding sites for Otx and for Tcf which have been found in an
active cis-regulatory fragment of the pmar1 gene. The dark blue lines show the presence of the Pmar1 repressor, specifically in the
micromeres (Fig. 4B and Table 1). The double arrow from the pmar1 gene for the gene encoding the early micromere signal (yellow–green;
Fig. 6I) indicates what is most likely not a direct interaction (see text). The repression of hnf6 (turquoise) by the pmar1 gene product is based
on data in Davidson et al. (2002; this issue). The unknown ubiquitous repressor (red) could be several genes encoding different repressors.
The ubiquitous presence of maternal Tbr (light blue) and Ets (dark green) is indicated by the dashed lines in (B), while the solid colors in
(A) indicate the zygotic expression of these two genes in the micromeres. The positive input from ets to tbr genes has been shown by K.
Akasaka (personal communication). The late signal is produced by the delta gene (brown; see text for references). Both signal ligands (the
yellow–green early signal and the brown late signal) are here embedded in the diagrammatic membrane, to indicate the short-range nature
of both micromere signals. Some known skeletogenic differentiation genes that are specifically expressed in the skeletogenic mesenchyme
cells are included in the box at the bottom of the diagram (see Table 1B). The ubiquitous activators that drive many of the genes in this
model, e.g., those affecting the delta and tbr genes (see Figs. 5 and 6, respectively) are not explicitly shown.
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Livi, and E.H.D.). Introduction of an Engrailed-Otx fusion
severely depresses pmar1 activation; and prevention of
nuclear -catenin localization by injection of mRNA encod-
ing the intracellular domain of cadherin does likewise (see
Davidson et al., 2002; this issue). Furthermore, Otx and Tcf
target sites have been found in a pmar1 cis-regulatory
construct (our unpublished data). But there must be other
additional inputs to pmar1, for a few cell cycles later, both
nuclear Otx and nuclear -catenin are found in other
blastomeres as well, where pmar1 is never expressed. Nor
do we understand why the expression of pmar1 is transient,
as illustrated in Fig. 2. Part of the answer to this may lie in
the disappearance of nuclear -catenin, and hence of the Tcf
input, over the same period that pmar1 expression is fading
out (Logan et al., 1999; A. Ransick, C. Livi, and E.H.D.,
unpublished data; Davidson et al., 2002).
An early skeletogenic target of the indirect pmar1 speci-
fication system is the tbr gene, which is activated in the
micromere lineage at about seventh cleavage (Croce et al.,
2001; our unpublished data). Later in the blastula stage, the
ets and dri skeletogenic regulators come on in this lineage
(Kurokawa et al., 1999; G. Amore and E.H.D., unpublished
data). Thereafter, pmar1 expression disappears. The micro-
mere lineage and the skeletogenic mesenchyme cells to
which it gives rise continue to express ets and tbr, while
expression of dri in these cells ceases after they ingress.
Since expression of these three regulatory genes is required
for skeletogenesis, and since skeletogenesis occurs in cul-
tures of purified, isolated micromeres, the regulatory appa-
ratus must include a device to lock on their expression once
they are specifically activated and the pmar1 gene is no
longer being expressed. So the mechanism underlying the
phenomenon of autonomous skeletogenic specification
probably boils down to the following: (1) the pmar1 gene is
activated in micromeres in response to localized maternal
cues, two of which are Otx and Tcf; (2) expression of the
pmar1 gene permits micromere-specific activation of tbr
and, directly or indirectly, later of ets and dri genes (all
three genes are dramatically and about equally derepressed
by either pmar1 or en-pmar1-hd mRNA); and (3) these
skeletogenic regulatory genes, and perhaps others, then
engage in some form of cross-regulation, which ensures
their continued expression in the absence of the inputs
required earlier, during the specification stage. What begins
as a cytoplasmically mediated localization of transcrip-
tional inputs ends as a locked-in regulatory state that
results in differential expression of genes encoding skeleto-
genic proteins.
Though now we can begin to understand the mechanism
of this autonomous specification system at the cis-
regulatory DNA sequence level, it must be said that in
essence it conforms to what could be deduced from experi-
mental embryology long in advance of any modern knowl-
edge of mechanism (e.g., Davidson, 1968, 1986, 1990). What
is new, and what changes everything in our level of under-
standing, is to be able to state the life history of this
autonomous embryonic lineage in terms of zygotic regula-
tory processes encoded in the genome.
Evolutionary Implications
Though it controls essential aspects of the process of
endomesoderm specification in S. purpuratus, the network
shown in Fig. 7 is quite unlikely to exist in other echino-
derm classes. For example, while indirectly developing
starfish embryos are constructed very much like indirect-
developing sea urchin embryos, they have no micromeres,
no larval skeletal elements, and hence no skeletogenic
mesenchyme. The tbr gene is, in euechinoids, a dedicated
regulator expressed only in the skeletogenic mesenchyme
(Croce et al., 2001; this work), but in starfish, the ortholo-
gous gene is expressed throughout all the mesodermal
elements of the embryo, and also in some endodermal cells
(Shoguchi et al., 2000). So the developmental roles of
micromeres, as the founder cells of the skeletogenic lineage
and as the source of signals for endomesoderm specifica-
tion, are echinoid-specific characters. The absence of a
separate micromere lineage in starfish embryos is likely to
represent the pleisiomorphic state, since indirectly devel-
oping embryos of no other echinoderm class produce mi-
cromeres, and in addition to the echinoids, only the ophiu-
roids have larval skeletons. On the other hand, the adult
forms of all echinoderms make calcite endoskeletons, and
in the biosynthesis of the endoskeleton many of the same
genes are used as are expressed in larval spiculogenesis in
echinoids (Richardson et al., 1989). The embryonic skeleto-
genic program in echinoids is probably at root a cooption of
the adult echinoderm regulatory program for endoskeleton
synthesis. All of this means that most of the regulatory
relations shown in Fig. 7 are unlikely to exist in the gene
network underlying endomesoderm specification in starfish
and other echinoids.
This may provide a way of thinking about the counterin-
tuitive features of the network that we see in Fig. 7. The
pmar1 gene is a member of a small family of linked, very
similar genes (our unpublished data), and their evolutionary
replication could have provided the opportunity for one or
more of them to assume new functions. There may in fact
be more than one gene that executes the pmar1 functions
described in this paper, since a morpholino antisense oligo-
nucleotide targeted to one member of this gene family had
no effect, an outcome that suggests redundancy.
If we suppose that the role played by pmar1 is a derived
character of echinoids, then, in terms of regulatory changes
required, what must have happened is quite economical:
preexisting skeletogenic gene batteries, including their
regulators, appear to have been joined with the program for
echinoid embryogenesis by using ubiquitous activators and
repressors present everywhere in the embryo. Since they are
ubiquitous in the embryo, they might have been present
and used already to control these same gene batteries as
regulatory cofactors in the adult skeletogenic tissue. All
that was needed to utilize the same skeletogenic system in
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the embryo was a way of keeping the repressor from
working in the polar micromeres. To generate the echinoid
system would then require only that the pmar1 gene (itself
a member of a gene family; our unpublished data) be
brought under the control of maternal factors localized at
the pole of the egg, and that a single key regulatory link
between it and the gene encoding the global repressor be
installed. This evolutionary hypothesis suggests that de-
spite its great elegance, the whole micromere specification
system that we see in Fig. 7 is basically a jury-rigged add-on,
which except for the role of pmar1, is all made of preexis-
tent parts. Whatever its connection with evolutionary real-
ity, the argument suggests that comparative network anal-
ysis will someday provide the means to test directly the
pathways of regulatory evolution, so that we can under-
stand not only how developmental systems work, but how
they got that way.
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